The dissemination of DNA and xenogenic elements across waterways is under scientific and public 19 spotlight due to new gene-editing tools, such as do-it-yourself (DIY) CRISPR-Cas kits. Over decades, 20 prevention of spread of genetically modified organisms (GMOs), antimicrobial resistances (AMR), and 21 pathogens from transgenic systems has focused on microbial inactivation. However, sterilization 22 methods have not been assessed for DNA release and integrity. Here, we investigated the fate of 23 intracellular DNA from cultures of model prokaryotic (Escherichia coli) and eukaryotic (Saccharomyces
Introduction

41
The rapid development of gene-editing tools together with the broad applications of genetically 42 modified organisms (GMOs) have triggered biosafety concern on the hazard composed by the 43 dissemination of unwanted DNA into the environment after sterilization 1 Concerns have been risen 44 on the emission of xenogenic and mobile genetic elements that may carry antibiotic resistance genes 8 DNA leakage from E. coli cells while lower amounts of total DNA, 53% (P1) to 65% (P4), were observed 156 on S. cerevisiae cultures ( Supplementary Fig. 8 ).
157
When an increasing amount of glutaraldehyde was applied from 0 to 300 mg L -1 , the percentage of 158 total DNA released to extracellular medium (Fig. 3c ) stayed either steady at 0.6% for S. cerevisiae or 159 fluctuating from 0.4 to 0.9 % for E. coli. Almost all the DNA from both microorganisms remained 160 intracellularly ( Supplementary Fig. 7e-h The DNA fragments of the untreated E. coli control sample displayed on agarose gel have a size above 170 10 kb. When cells were treated with increasing duration of microwave, the intracellular DNA bands 171 were less intense and displayed a slight decline gradient of DNA sizes, trailed by smears at different 172 degrees ( Supplementary Fig. 9a ). For S. cerevisiae ( Supplementary Fig. 9c-d) , the DNA extracted from 173 untreated cells showed multiple bands of various lengths from approximately 400 bp to over 10 kb.
174
After 25 s of microwaving, no clear bands but smears were displayed on the gels. An exposure of 30 s 175 resulted in elimination of S. cerevisiae visible bands in the intracellular fraction ( Supplementary Fig.   176 9c). The fragmentation patterns in E. coli matched the measurements of DNA content ( Fig. 3a ) for 177 which a significant amount of DNA was released from 18 s onwards ( Supplementary Fig. 9b ). An 178 increasing gradient of the free-floating DNA intensity on the gel from S. cerevisiae ( Supplementary Fig.   179 9d) fitted to the gradual DNA release (Fig. 3a ).
181
In contrast to microwaving, extracellular and intracellular DNAs from both microorganisms were more 182 highly fragmented and/or degraded when heat and pressure (1.1 atm overpressure) were applied, 183 displaying smears on agarose gels ( Supplementary Fig. 10a-d ). The highest autoclaving program (121 184 ºC, 30 min) showed the strongest DNA damage and release when compared with controls and other 185 conditions ( Supplementary Fig. 5a -c, lanes 5). Even when the harshest autoclaving was applied, 186 intense bands of DNA were still observed on the agarose gels. Intracellular DNA degradation degree 187 was lower than the released DNA after autoclaving treatment, presumably due to the protection of 188 9 cells on its cytoplasmic DNA against external damage 1,29,30 . A possible reason why E. coli shows higher 189 resistance to stress when compared to S. cerevisiae, apart from their higher surface to volume ratio, 190 could be its polyunsaturated fatty acids (PUFAs) composition in their membrane: they contribute to 191 cell membrane flexibility. PUFAs level in S. cerevisiae membranes are low or inexistent when growing 192 under normal conditions 31,32 whereas in E. coli cells are higher 33 .
193
Intracellular DNA of E. coli treated with the highest concentration of glutaraldehyde resulted a smear 194 with high fragment lengths ( Supplementary Fig.11a, lane 7) . Intracellular genomic DNA on S.
195
cerevisiae did not result in the absence of DNA bands but a decrease of the band intensity 196 ( Supplementary Fig. 11c, lane 7) . The extracellular DNA from both types of microorganisms ( Fig. 11b-197 d) showed similar patterns containing short DNA fragments from <100 bp to >200 bp, same as their 
210
In E. coli cultures, no effect on PCR ability was observed when DNA was released from cells after 211 microwaving. There were higher initial (5 s) log10 differences with the bead-milled control sample (0.77 212 ± 0.02) values due to lack of DNA available on the extracellular fraction (6.79 log10 gene copies mL -1 ).
213
DNA was exponentially released after 25 s (7.22 ± 0.07 log10 gene copies mL -1 , Fig. 4a ), and significantly 214 released after 70 s, 7.84 ± 0.01 log10 gene copies mL -1 ). After 100 s exposure, DNA was released from 215 cells (7.81 ± 0.08 log10 DNA copies) as its number of sequences even got higher than the control values 216 (7.56 ± 0.01 log10 DNA copies) but its PCR ability was not compromised. Regarding autoclaving, a signal 217 was observed even after P3 and P4 programs were applied ( Fig. 4c ): 1.28 ± 0.11 and 1.16 ± 0.04 log10 218 gene copies per mL difference with the bead-milled control, respectively. Glutaraldehyde did not have 219 a significant effect on the PCR ability mainly because samples treated with glutaraldehyde did not 220 release DNA (Fig. 4e ). An analysis of variance (ANOVA) on these scores yielded significant variation 10 among autoclaving and microwaving treatments but not glutaraldehyde treatments. When compared 222 with the bead-milled control sample, F= 10245.62 and F=149.09, p < 0.0001 were observed for 223 autoclaving and microwaving, respectively ( Supplementary Table 1 
241
As observed in E. coli cultures, glutaraldehyde did not have a significant effect on DNA PCR ability 242 mainly because samples released non-detectable levels of DNA ( Fig. 4f ). An ANOVA on these scores 243 yielded significant variation among autoclaving treatment but not after microwave and 244 glutaraldehyde treatments. When compared with the bead-milled control sample, F=137.77, p < 245 0.0001 were observed for autoclaving ( Supplementary Table 2 ). Tukey test showed that all the 246 autoclaving treatments (P1, P2, P3 and P4) and control belonging group differed significantly at p <
247
.05 (table not shown The qPCR of the pure bacteriophage λ int gene was used to evaluate the extracellular DNA capacity to 294 be amplified right after the different sterilization methods.
296
All the autoclave treatments were shown to significantly affect the PCR ability of the λ DNA ( Fig. 6b 
314
It took around 30 to 50 s to detect high concentrations of DNA in the extracellular fraction and around 315 more than 100 s to start seeing a decay in PCR ability. From the combination of experiments with pure 316 cultures and free-floating λ DNA, exposure time longer than 100 s would be necessary to inactivate 317 cells, release DNA, and fragment it. Otherwise, no effect will be observed on DNA integrity.
319
Similar results were observed when samples were exposed for over 40 s, 0.5 ± 0.09 logs difference, 320 under microwaves (Fig. 6a ). Significant variation among autoclaving treatments when compared with 321 the control, F= 26.04, p < .0001 ( Supplementary Table 4 ) was observed. Moreover, a Tukey test 322 showed that exposure times over 60 s, 1.31 ± 0.17 logs difference, differed significantly at p < 0.05 323 13 (table not shown) . This is supporting the clear band loss after 60 s during gel electrophoresis (Fig. 5c ).
324
At 100 s, a difference of 3.23 ± 0.06 logs with the untreated control sample was observed.
325
In contrast, the glutaraldehyde treatments did not affect the amplification capacity of pure λ DNA (Fig.   326   6c ). An ANOVA on these scores did not yield significant variation among the different concentrations 327 of glutaraldehyde when compared with the control (F= 0.70, p > 0.658, Supplementary Table 4 ),
328
supporting the results obtained from the DNA fragmentation experiments (Fig. 5b) . No significant 329 effect on amplification ability was observed when a standard incubation time of 20 min was applied.
330
Glutaraldehyde damages DNA 42 and compromises the PCR ability of DNA after some days of 331 incubation only 43 . In clinical procedures, an exposure of 20 min at 20 °C in a 2% w/w glutaraldehyde 332 solution is solely used to disinfect medical instruments 44 . We showed that this short incubation time 333 of 20 min was not enough to impact the integrity and PCR ability of DNA. Overall, glutaraldehyde offers 334 an efficient way to disinfect and contain DNA and xenogenic elements inside cells.
335
General remarks, alternatives and perspectives
336
Overall, all common sterilization methods here tested are effective to inactivate microorganisms, 337 highlighting short incubation time of 20 min with glutaraldehyde for its capacity to avoid DNA release.
338
In terms of DNA loss of integrity, autoclave is shown to be the most effective method. However, 
438
Serial dilution from 1 ng µL -1 down to 10 -8 ng µL -1 were used to generate the standard curve. The 
445
The thermal profile selected for the λ int gene consisted of 5 min at 95 °C hot-start polymerase 446 activation followed by 40 cycles of DNA dissociation at 95 °C for 30 s, primers annealing at 55 °C for 447 30 s fragment elongation at 72 °C for 30 s, and terminated by holding at 4 °C.
17
The thermal profile selected for the E. coli uidA gene gene consisted of 5 min at 95 °C hot-start 449 polymerase activation followed by 40 cycles of DNA dissociation at 95 °C for 30 s, primers annealing 450 at 57 °C for 30 s, fragment elongation at 72 °C for 30 s, and terminated by holding at 4 °C.
452
The thermal profile selected for the S. cerevisiae TAF10 gene consisted of 5 min at 95 °C hot-start 
